Abstract. In this work, the effects of binder compositions on the mechanical properties, density, volume shrinkage and microstructure of sintered alumina were investigated. Three different formulations of alumina samples were prepared by mixing alumina with 3 % of poly (ethylene glycol) (PEG) with 1 to 3 wt% of poly (vinyl alcohol) (PVA) binders. The degradation temperature of binder was investigated by means of thermogravimetry analysis (TGA). Diametral compressive test was conducted to determine the tensile strength of sintered alumina. Scanning electron microscopy (SEM) was used to characterise the microstructure and fracture surface analysis. It was found that PVA binder plays important roles in sintering of alumina. The relative density and tensile strength increase as the percentages of PVA increase for each sintering temperature but the volume shrinkages are not much affected by binder composition. The results inferred that alumina samples which have 3%wtPVA-3%wtPEG binder sintered at 1600 o C shows the highest tensile strength (129 MPa) compared to other formulations.
Introduction
Alumina (Al 2 O 3 ) or aluminium oxide is commercially used in a wide range of applications such as electronic substrates, high temperature and electrical insulators, porcelain and biomaterials. It is very hard material and has high melting point that above 2000 o C [1] . The first step in alumina processing is preparing the alumina powder and binder followed by moulding (forming) and finally sintering process.
Binders are often added in ceramic processing in order to improve or increase the strength of green body or moulded parts. [2] . They are commonly polymeric materials and its role is to improve green body strength by forming a bridge between the particles during alumina forming [3] . Binders have been used in many processing methods such as powder injection moulding, dry press and isotatic pressing [3, 4] . It is well known that PVA and PEG are the most common binders that used in alumina preparation. PVA is water soluble synthetic polymer and fully burn-out during heating. This binder has relatively high the press compact strength and its glass transition temperature (Tg) is about 70 o C [1] . Meanwhile PEG is also water soluble and has limited solubility in various solvents. It has relatively low Tg (-15 o C) and provides an excellent granule deformation without added plasticizer and can burn-out completely [1] .
Although a lot of work referring to the effects of PVA and PEG binders in sintering alumina has been reported in the literature [3, 5] , however a very limited knowledge is available in terms of the effects of mixing of the two binders on microstructural and mechanical properties of sintered alumina bodies. The aim of this research is to investigate the effects of mixing PVA and PEG as alumina binders on the microstructural and properties of sintered alumina at different temperatures.
Materials and Methods
Materials and Sample Preparation. The ceramic used in this research is alumina powders and the mean particle size of the powders was 0.7 µm. Two binders systems were used: PEG and PVA. Three different batch compositions was prepared by mixing alumina powder with a mixture binders of PEG (3 wt%) and PVA (1 to 3 wt%) based on dry weight basis of alumina and it is summarised in Table 1 .100 ml of distilled water was heated in the beaker at 80 ℃ and 1 % of PVA was added into the water and then stirred for 2 hours. 3 wt% of PEG was added to the PVA solution and stirred using magnetic bar until completely dissolved. After the two binders polymer have completely dissolved, the magnetic bar was removed from the beaker and alumina powder was added into the solution and then alumina slurry was stirred again by mechanical stirrer until it all thoroughly mixed. The alumina slurry was then poured into the mould and subsequently dried for 12 hours in an oven at 60 ℃.
The dried alumina-binder was ground into granules using mortar and pestle. The dried aluminabinder granules was pressed into disk-shaped samples using Carver hydraulic press machine at 4.5 tonnes pressure to achieve 57% relative density at room temperature. Alumina-binder disk with diameter 10 mm and 5 mm thickness were prepared for all alumina formulations. The sintering process was conducted in air using furnace (Model Nabertherm 350) at temperatures from 1200 o Cto 1700 o C. The sintering process was done after the debinding operation at 400 ℃ for 3 hours at the heating rate of 3 o C min -1 in the electrical furnace. The green compact samples of alumina were then sintered at temperatures of 1200, 1400, 1600 and 1700 ℃at a heating rate of 3℃min -1 and then holdfor 2 hours in the furnace. Alumina with 2 % PVA and 3 % PEG V3G3 Alumina with 3 % PVA and 3 % PEG Characterisation. TGA (Model Mettler Toledo TGA/SDTA85) was performed to examine the degradation temperature of binders in the alumina samples. The alumina-binder was heated from room temperature to 900 ℃ at a heating rate of 10 ℃min -1 in atmosphere of nitrogen. The mechanical strength of sintered alumina samples was estimated by the diametral compression method known as "Brazilian test" [6] . After sintering process, the disk-shaped samples were inserted in the universal testing machine (Model Instron 3365) with load cell used was 100 kN. The load, F applied radially at a speed rate of 0.5mm min −1 until the specimen fractured. The tensile strength of sample, σ was calculated using the following expression [2, 3] 
Where F max is the load applied at fracture, D and e are the diameter and thickness of the sample, respectively. The tensile fracture surfaces of selected sintered alumina samples were monitored by field emission scanning electron microscopy (FESEM) (Model Hitachi SU8020).
Results and Discussion
Decomposition of Binders. The TGA analysis of 1wt%PVA-3wt% PEG in alumina sample (V1G3) is shown in Fig. 1 . As illustrated in Fig. 1 , the initial weight loss started from 130 °C which marked the loss of water and other volatile compounds in the PVA component followed by rapid weight loss occurred at 227°C which represented the degradation of PVA component. The degradation of PVA component involves the breaking of the long chained polymers (produced from the water loss) to form aromatics [7] .
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The sharp weight loss occurred at temperature of 274 °C and it represented the beginning of degradation of PEG component. Meanwhile the small weight loss at around 500 °C has marked the effect of the loss of polymer residual component. It is believed that both PEG and PVA binders degraded independently of each other and they did not form a crosslink component [8] . The weight of residual left above temperature of 700 °C was about 62 %. This represents the actual weight of alumina component in the sample after the degradation of polymeric binders. It is noted that the amount of alumina in the sample is lower than the actual percentage of prepared sample i.e 96% of alumina. The reason is could be due to the binders are not homogenously distributed in the mixture during sample preparation.
Fig. 1. Typical TGA curve for alumina-binder sample (V1G3).
Effect of Sintering Temperature. Fig. 2 shows the relative density of the alumina samples sintered at temperatures from 1200 °C to 1700 °C. According to these results, it seems that the relative density increases with temperatures up to 1600 °C and then remains steady (plateau) for the temperature up to 1700 °C. The relative density for all prepared samples sintered at temperature of 1600 °C and above was more than 94%.The relative density increase as the alumina particle fused together at higher temperature. It is noticeable that these results were similar to those reported by previous study [3] .
The results also indicates the higher the PVA content, the higher the relative density. Similar observation was also reported in literature [4] where the relative density increased as the percentage of binder increased. The results in Table 2 also show that the volume shrinkage for all alumina samples considerably increase as sintering temperature increase, however these results is independent with composition of PVA. The first formulation reduced by 14 % from the volume of original sample volume after sintering at 1200 o C and further decreased up to 40 % after temperature up to 1700 o C. This result is expected since the alumina powders become more pack to each other as they are fused together as sintering temperature increased. These results were supported by SEM micrographs shown in Fig. 3 . However, the result indicates that the binder composition does not give much effect to the volume shrinkage. Mechanical and Microstructure of Sintered Alumina. The effects of different binder formulations and sintering temperatures on tensile strength are shown in Fig. 4 . It is observed from the results that the tensile strength of V1G3sample increases linearly with temperature up to 1700 °C. In fact, the curves ofV2G3 and V3G3 samples show similar patterns where the tensile strength increases rapidly with temperature up to 1600 °C and then drop in strength at temperature of 1700 °C. The result from Fig. 4 also shows that tensile strength from V3G3 sample has slightly higher than V2G3sample at all sintering temperature. The maximum tensile strength for the samples of V2G3 and V3G3 at temperature of 1600 o C are 118 MPa and 129 MPa, respectively. It can be inferred from the results that the higher the PVA content in the formulation will give the higher tensile strength of sintered alumina. The overall results in this work show that the best sintering temperature is 1600 °C and the best binder formulation is 3 wt% PVA and 3 wt% PEG.
Binder has a considerable effect on the densification of the ceramic compact [3] . As the PVA binder content increases, the dried alumina-binder granule becomes harder and difficult to distort during compaction. This can be attributed to the fact that the glass transition temperature of PVA is 
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Advances in Mechanical and Manufacturing Engineering higher than the pressing temperature. Because of this reason, the alumina granules are not sufficiently soft in compaction resulting in lower of relative density of alumina compact. This behaviour is supported by the results shown in Fig. 2 , where it seems that the sample V3G3 has lower relative density than the samples of V1G3 and V2G3. The SEM micrographs of fracture surface of all alumina samples sintered at 1600 o C are presented in Fig. 5 . It is observed that the microstructure of V1G3 sample is brittle fracture surface with irregular grain size as well as pores at the surface. By increasing the PVA contents from 1 to 3wt% makes the small alumina granules clearly visible in the surface of fractured samples. During compaction, the granules remained intact because they are rigid and undeformable [3] .By sintering process, the densification of the material occurred within granules where each of them being separately densified as a results the alumina was not homogeneously densified. During diametral compression test, the raptured material more localized between granules. This leads to fracture surface due to intergranular propagation and microcracking of granules in the material [3] . This behaviour results in the higher mechanical properties compared to those more homogeneous surfaces of the material. 
Summary
In this work, a simple mixing technique was used to mix alumina with two binders of PVA and PEG. This work clearly shows that the strength and microstructure of sintered alumina varies with sintering temperature as well as binder's compositions. It is found that the relative density increases as the percentages of binder increase for each sintering temperature. The results revealed that alumina containing 3 wt%PEG-3 wt% PVA binders and sintered at 1600 o C gave the highest tensile strength value, i.e 129 MPa. Results obtained in present work also suggest that the 1600 o C is the optimum sintering temperature of sintered alumina.
